Neutron radiography has been used for in-situ and non-destructive visualization and measurement technique for liquid water in a working proton exchange membrane fuel cell (PEMFC). In an attempt to differentiate water distribution in the anode side from that in the cathode side, a specially designed cell was machined and used for the experiment.
Introduction
Effective water management increases performance and durability of the proton exchange membrane fuel cells (PEMFCs). The membrane in PEMFCs must be sufficiently hydrated because its conductivity relies primarily on the humidity state of the membrane.
The water quantity inside the PEMFC is influenced by two major factors. The first factor is the vapor content at the inlet reactants, which can be manipulated to a certain extent by using external humidifiers. The second and more influential source is the water generation by the chemical reaction in a PEMFC. Since water is generated as a by-product when the fuel cell is generating power, this water source can be said to be a "disturbance" to any water management system, which is trying to maintain proper humidity level without flooding. Since water is generated throughout the active area, the downstream area can be flooded even when the upstream area is under-saturated. This creates a challenging environment for water management, which adversely affects the efficiency and reliability in the operation of the PEMFCs, Measuring water content inside conducting PEMFCs is nontrivial because these experiments need specially designed fuel cells and/or instrumentations. Several research groups have proposed different water metrology methods. Mench et al. [1] used gas chromatography to measure the in-situ water vapor distribution in an operating fuel cell, which directly maps water distribution in the anode and cathode of an operating fuel cell. channels and cathode channels, it was not easy to differentiate water on the anode side from that in the cathode side.
Kramer et al. [7, 8] applied statistical methods, including interpretation of the probability density function of the relative neutron transmission, to quantify the liquid water volume in an operating PEMFC and a direct methanol fuel cell (DMFC) and to compare serpentine and interdigitated flow field designs. Pekula et al. [9] used a facility at the Pennsylvania State University to obtain neutron images. Liquid droplets were observed in the final two-thirds of the flow field at higher current densities, and mostly in the corners. The liquid droplet velocity was not constant due to interactions with the channel walls and other droplets. Recently, Chuang et al. [10] determined the water content in the fuel cell by using a pre-calculated look-up table that correlates water thickness to pixel luminance. This is perhaps the first paper to give a detailed quantitative description of the water distribution in a way that can be compared with model calculations. Chuang et al.
quantified liquid water content in the GDL and flow channels of PEMFCs under flooded and non flooded conditions. According to their results, a few tenths of a milligram of liquid water in the active area is enough to affect the fuel cell performance. Ludlow et al. [11] also used neutron radiography to quantify the liquid water within an operating fuel cell under various gas flow conditions. A common element of the fuel cells used in these studies is each had identical and overlapped anode and cathode flow fields, making it impossible to distinguish water content in the anode and in the cathode during measurement. Knowing where liquid water accumulates with more certainty helps to understand the water transport in a PEMFC. In addition, since the final goal of our study is to use the experimental results to build a model suitable for prediction, prevention and control of liquid water inside a fuel cell, we need to design a cell that can help us to visualize water distribution more clearly and accurately.
In this study, the flow field of a cell was designed for the purpose of differentiating anode and cathode under neutron imaging. The effect of cathode inlet stoichiometry values and RH were investigated by using the neutron radiography. The liquid water within the cell was then quantified into specific regions by using an image masking technique.
Experimental method

Fuel cell design
A single cell with an active area of 100 cm 2 was used in this experiment. The membrane electrode assembly (MEA) was provided by Umicore [12] . It has a membrane thickness of 25 μm, a carbon-supported catalyst loading of 0.4 mg Pt cm -2 on both anode and cathode, and gas diffusion layers (GDLs). The GDLs are made of carbon papers with an uncompressed thickness of 230 μm.
The flow field plates are made of graphite. Because commercial graphite plates have porosity that could trap water-which will interfere with the neutron imaging, the graphite plates were densified with resin before machining. The anode flow field is a 6-channel serpentine design, whereas the cathode flow field is a straight parallel design, as shown in Fig. 1 (a) and (b). The channel depth, width and rib width are 1.0, 1.6, and 1.7 mm, respectively. In order to differentiate anode flow channels from cathode flow channels in the neutron radiography experiment, the flow fields of anode and cathode were shifted to minimize overlap, as shown in Fig. 1 (c) . This flow field design was expected to provide more useful results.
The current collectors are made of gold-plated copper plates. End plates are made of aluminum alloy, used to compress MEAs, flow field plates and current collectors precisely. The cell assembly is compressed by using twelve bolts with nuts. A-cm -2 . For each current density, the test was conducted at 2 relative humidity values, 50%
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and 100%, and 3 stoichiometry values, 2, 3, and 4 for the cathode inlet. The anode gas was not humidified and the stoichiometry was 1.2 for all experiments, except that a minimum flow rate for both cathode and anode was set at levels corresponding to 0.2 A cm -2 .
Neutron imaging was initiated at least 5 mins after a new condition was established.
Image analysis
After the raw images were captured, the water content in the cell was extracted by analyzing the image data using code developed at NIST. Ten images were used to obtain averaged test data to reduce noise. The image intensity of each pixel of the image reflects the recorded neutron intensity, which quantifies the amount of liquid water at that spatial location. Once the quantity and location of liquid water along the flow-channel direction is determined, the focus shifts to further understanding where liquid water forms along the through-MEA direction. It is well known that the PEM is quite thin and hydrophilic; therefore the water content in it typically remains relatively constant and does not influence the observed water quantity in a neutron image. In an earlier study [14] , where an un-shifted flow field design was used, the water content "under channel" was found to be much less than that "under ribs," and the amount of water under channel does not change significantly with current density. The under-saturated test conditions reported in another study [15] showed similar results. These earlier results imply that the liquid water has a tendency to accumulate in the GDLs under ribs, and the quantity can vary significantly. Water that is present in the channels, on the other hand, is carried through the flow channel and its quantity is relatively fixed. The above two papers both used fuel cells with a small active area and straight flow channels. Therefore, the water distribution within the active area is quite uniform. Since the anode flow field was identical to the cathode flow field in their designs, the area that was identified by the neutron image to have liquid water under channel is at locations where anode channels and cathode channels overlap (referred to as "Ch-Ch"), whereas the area under ribs is at locations where anode ribs and cathode ribs overlap ("Rib-Rib").
In the present study, since the flow fields of anode and cathode are not identical and are shifted spatially, there are two additional combinations. The two additional types of areas, which in fact accounts for the majority of the active area, were the overlap of cathode channels and anode ribs (which we will call An_rib), and that of anode channels and cathode ribs (Ca_rib), as shown in Fig. 3 . To quantify liquid water in the four different areas, image masking techniques were used to determine the location of water inside the cell. Image masking refers to the process in which all neutron intensity in an image is blocked except for pixels that lie within a specified region. Four masks were created to quantify liquid water in the four different areas, as shown in Fig. 4 . Another important consideration is that active area was not small enough to be regarded as uniform, so the active area was divided into fifteen segments along the anode flow field, as shown in 
Results and discussion
The calculated average liquid water quantity can be used for qualitative and quantitative assessment. The water quantity can be used for the calibration and validation of a mathematical model. In addition, we can also use it as a visualization tool, through colorizing the neutron density images. Fig. 6 shows a colorized neutron image. The bottom half of the image, which corresponds to the downstream anode flow, contains more water than the top half. However, it is not possible to distinguish from this image whether the water accumulation is located in the membrane, anode/cathode channels, or anode/cathode GDLs. By applying the masking technique described earlier, however, we will be able to identify the location of liquid water more accurately.
Anode and cathode differentiation
First, we will show that the flow field design and image processing technique developed in this study help in differentiating liquid water in the anode and in the cathode. imply that the maximum amount of liquid water that can accumulate in the Rib-Rib area is equivalent to the water thickness of around 100 μm. So when we observe water thickness in excess of 100 μm, it is very likely the amount over 100 μm is due to liquid water in the channels.
The water thickness in Fig. 7 (d) was observed to decrease slightly with increasing current density. This phenomenon becomes more pronounced when the cathode inlet gas was fully humidified, as is displayed in Fig. 8 (d) . The water thickness in Fig. 8 (d) decreases to approximately 20-80 μm, depending on the segment position. Figs 8 (a) and (b) show that the water thickness in the Rib-Rib and Ch-Ch areas of segments 1, 6, 7, 12, and 13 does not significantly change with current density. However, the water thickness in the Ca_rib and An_rib areas of these segments decreases with current density, as shown in
Figs 8 (c) and (d). This result suggests the decrease in Ca_rib and An_rib areas is due to the water content in the GDLs under the ribs. This trend was also observed in the operating conditions with fully humidified or over-humidified inlet gas reported by Turhan et al. [15] .
This phenomenon is perhaps related to water transport by electro-osmotic drag from anode to cathode, which is highly related to current density [16] . Another possible explanation of this phenomenon is the changing flow rate. At fixed stoichiometric value, the gas flow rate varies proportionally with current density. Since in this study only the cathode gas is humidified and the anode gas is dry, water in the anode GDL has the tendency to move into the channels through convective mass transfer. Therefore, high flow rate, resulting from high current density, reduces the total amount of water measured in the neutron image. Both explanations seem to be plausible and in fact could co-exist.
Effect of cathode inlet stoichiometry
Three different cathode inlet stoichiometry values were tested to study the impact of flow rate on water quantity and distribution. In Figs. 7 and 8, it is observed that at high current densities, experiments at a low stoichiometry value of 2 result in noticeably higher water content in the GDLs. This is because when the gas flow rate is low, less water is taken away, resulting in more water accumulation in the GDLs. This phenomenon is more significant when the cathode inlet RH is low. Fig. 9 shows the water content in the An_rib area and Ca_rib area along the anode flow channel when the cathode inlet RH is 50%. The numbers in the abscissa denote segment number. At the low stoichiometry value of 2, a significant amount of water thickness in those areas was observed. However, the segments near the inlet do not have much liquid water. Starting from segment number 8 or 9, the water thickness increases toward a maximum of about 120 μm.
When the stoichiometry value is higher at 3 or 4, the water thicknesses vary from 0 to approximate 15 μm along the anode flow field. These values do not change significantly with current density. Liu's work [17] showed that when inlet RH is low, the upstream segments have lower current densities. Lower current density is accompanied by weaker electro-osmotic drag from anode to cathode and less water generation in the cathode. Therefore, the cathode side could be under-saturated, which contributes to higher resistivity and lower current density. Fig. 10 shows a similar trend when cathode inlet RH was 100%. In addition, the water profile along the anode flow channel seems to be similar for all stoichiometric values. In Fig. 10 (a) , it can be seen that at low current densities of 0.1 to 0.3 A cm -2 , the amount of liquid water starts to increase from segment 3, whereas at high current densities, it starts to increase from segment 7. In Schneider's study [18] , both distributed current densities and water content were measured and the results support similar trends to this work. Schneider found similar profile for current density distribution and water content distribution, followed a similar profile. The trend indicates that current density distribution is more even under low load than under high load.
At each current density, the cell voltage was recorded as the main indicator of cell performance. Fig. 11 compares polarization curves obtained while different stoichiometry values of cathode inlet gas were fed to the cell under two different RH conditions.
Regardless of the value of RH, lower cathode stoichiometry appears to result in lower performance. When the stoichiometry is 2, the polarization curve does not seem to be sensitive to cathode inlet RH despite the fact that the water content in the GDL is quite different. This implies that at low stoichiometry, water accumulation in the GDL is not correlated to low performance. For current densities between 0.1 and 0.5 A cm -2 , which are in the ohmic polarization region, it is very likely the low performance is due to low membrane water content instead of flooding. At lower cathode flow rate, little water is carried to the membrane, which causes low membrane hydration and low membrane conductivity. Therefore, cell performance is low even when the cathode inlet gas is fully humidified.
Effect of cathode inlet relative humidity
The effect of reactant relative humidity (RH) on the water accumulation in the GDLs is investigated in this study at two different RH levels: 50% and 100%. The effect of cathode inlet RH can be studied by comparing Figs. 9 and 10. When the cathode inlet gas is 50% (thus under-saturated), it takes water from the GDL through convective mass transfer [19] . When under-saturated cathode gas with stoichiometry of 3 or 4 is fed to the cell, the water thickness in the Ca_rib area is approximately 20 μm; however, the water thickness is apparently larger at low stoichiometry of 2. If a fully saturated cathode gas is fed to the fuel cell, the water content in the area increases and stoichiometry value has little effect on the water content. From Fig. 10 (b) , the water content profiles in the last several segments seem to be fully developed. The maximum water thickness in the Ca_rib area is approximately 120 μm, which could be the maximum amount of water that can accumulate in the GDL under those operating conditions. Since the GDL cannot hold any more water, once the water is generated in the cathode catalyst layer, the water is expelled from the hydrophobic GDL into the channels. If the flow field design can not remove liquid water effectively, flooding will occur.
Since the anode gas is not humidified in this study, the only way for the anode side to acquire water is through the back diffusion mechanism, which carries water from the cathode to the anode. Water transport by back diffusion not only counter-balances the electro-osmotic drag from anode to cathode, but also compensates for the water loss in the GDL caused by dry flowing anode gas. Because of the lower gas flow rate in the anode, the water content in the anode GDL under the rib is not necessarily lower, and sometimes could actually be higher than that in the cathode GDL, as can be seen by comparing Fig. 10 (a) and 10 (b) . This is because the higher gas flow rate could prevent a large quantity of water from accumulating in the cathode side. At high current densities, however, the anode GDL generally contains less water than the cathode GDL because the electroosmotic drag becomes more significant and more liquid water transports from anode to cathode.
The polarization curves in Fig. 11 show that under the same stoichiometry, the cell has lower performance when the cathode inlet RH is low. This is likely due to insufficient water in the inlet air to humidify the membrane from the cathode side. In Fig. 11 (b) , the cell voltages were unstable at the operating condition of 0.7 A cm -2 for all three stoichiometry values. It is possible that; because the cathode is fully saturated, the unstable voltages are caused by flooding in the cathode GDL, especially for those segments near the outlet.
As a final note, the cell voltage measured in our experiment seems to be lower than values reported in typical fuel cell papers. Although we have not yet been able to pinpoint the root cause, there are at least two possible explanations. First, since the flow channel is shifted to improve visualization, it might have unintentional adverse effects on the gas diffusion in the GDL, for example, due to the "cross bite" of the ribs of the graphite plates.
It is also possible that even though we used the compression ratio suggested by Umicore, the suggested value is optimized for "regular" cell designs instead of our cross-bite design.
Since the focus of this paper is on water distribution rather than cell performance, the low cell voltage could be a concern, but not a flaw.
These experiments, in combination with our specially designed flow fields and image processing technique, provide a new way to investigate liquid water distribution in anode and cathode. The results show the effects of relative humidity and stoichiometry of cathode inlet on water accumulation as well as cell performance. These new results still provide some interesting insight to the field of fuel cell water management, prediction, and control-which is the current focus of our research.
Neutron radiography is a valuable method to detect and quantify liquid water inside an operating fuel cell. The Neutron facility at the NCNR is able to provide images with high spatial-resolution that are useful for the investigation of the water distribution for operating PEMFCs. In this study, the influences of cathode stoichiometry and RH on liquid water accumulation and distribution were investigated. Experiments were conducted for three different stoichiometries and two relative humidity values for the cathode inlet. In order to differentiate anode channels and cathode channels in the neutron images, a fuel cell with a shifted flow field design was used. The shifted flow field design resulted in four types of channel/rib combinations, anode channel/cathode channel, anode rib/cathode rib, anode channel/cathode rib, and cathode channel/anode rib. By using image masking techniques, the water content was quantified in four areas. In addition, the water content distribution within the cell was also studied; the cell was divided into fifteen segments along the direction of anode reactant flow. The test results thus can be used for model validation of 2D fuel cell models.
The results showed the effect of cathode inlet RH and stoichiometry on liquid water accumulation and distribution. It was observed that under fully humidified conditions, the water content at anode GDL decreased with increasing current densities. The water content profile fully developed at the segment near the outlet. In addition, at under-saturated operating condition and lower stoichiometry value of 2, a significant amount of water content in GDLs was observed. In contrast, at higher stoichiometry values, the water content is lower. We also observed that current densities distributed more evenly at the operating conditions of high stoichiometry value and high relative humidity. 
Figure Captions
